The Swedish population-based acute myeloid leukemia registry contains data from 3251 patients (excluding acute promyelocytic leukemia) diagnosed between 1997 and 2006. Informative cytogenetic data from 1893 patients were retrospectively added, including 1054 patients aged between 60 and 79 years. Clonal abnormalities were found in 57% of the informative karyotypes. Karyotypic patterns differed by age: t(8;21), inv(16) and t(11q23) were more common in younger patients, whereas loss of 5q, 7q and 17p, monosomal karyotype (MK) and complex karyotypes were more common in older patients. Loss of 5q, 7q and 17p often occurred together within MK. Patients with X5 chromosome abnormalities had worse overall survival than those with fewer abnormalities or normal karyotype in all age groups. Loss of 5q, 7q and/or 17p had, in contrast to MK, a further negative impact on survival. Multivariable Cox regression analyses on risk factors in patients o80 years with cytogenetic abnormalities and intensive treatment revealed that age and performance status had the most significant impact on survival (both Po0.001), followed by sex (P ¼ 0.0135) and a karyotype including À 7/del(7q) (P ¼ 0.048).
INTRODUCTION
Acute myeloid leukemia (AML) is a disease of all ages, but the incidence increases with age, resulting in a median of 71 years in Sweden. 1 However, most clinical and biological data are based on younger patient cohorts, mostly from clinical studies including highly selected patients. 2, 3 The backbone of therapy has not changed for many years, comprising a combination of an anthracycline and cytosine arabinoside, with dose recommendations 4, 5 that may depend upon patient age. 5, 6 After consolidation, allogeneic stem cell transplantation (alloSCT) is an option for selected patients. 3, 7 Cytogenetic characterization is essential for proper subclassification according to WHO 2008, 8 identifying, for example, entities with specific treatment requirements, such as acute promyelocytic leukemia, core binding factor (CBF) leukemias and tyrosine kinaseactivated AML. In fact, establishment of driver mutations is the basis for the development of new targeted therapies. 9, 10 At present, cytogenetic risk stratification is routinely used for choice of therapy and for selecting patients for alloSCT. 7 There is an abundance of algorithms in use for classifying various cytogenetic abnormalities and karyotypic patterns, such as complexity and monosomal karyotype (MK), into different risk groups. [11] [12] [13] [14] [15] [16] The Swedish Acute Leukemia Registry is population-based with almost full coverage of Swedish adult patients with a diagnosis of AML since 1997, with continuous clinical follow-up. 1, [17] [18] [19] In the present study, all available karyotypic strings were retrospectively ascertained and reviewed, enabling cytogenetic subclassification and clinicogenetic analyses of a large, well-defined, representative and thus predominantly old AML population, and used to assess the impact on outcome of cytogenetic risk classification systems in this patient cohort.
PATIENTS AND METHODS
The Swedish Adult Acute Leukemia Registry was founded in 1997 by the Swedish Society of Hematology, in collaboration with the Regional Tumor Registries, subsequently the Regional Cancer Centers, covering the entire Swedish population of about 9 million. The Swedish Association of Local Authorities and Regions (SKL) support the registry, and ethics review boards have approved data registration and analysis. Reporting of data on all newly diagnosed adult patients with acute leukemia, de novo or secondary (excluding blastic phase of chronic myeloid leukemia), is compulsory, with three separate registrations (pathology, clinical report to national cancer registry and report to leukemia registry). Pediatric patients (o18 years) are reported to the Nordic Society of Pediatric Hematology and Oncology database, and are not included here. The AML registry contains 98% of all adult patients diagnosed from 1997 to 2006 and reported to the Swedish national cancer registry, irrespective of management, and includes basic parameters such as performance status (PS) and intention-to-treat (intensive vs no or palliative therapy), response to induction therapy and complete survival follow-up. Analysis by de novo versus secondary AML will be reported separately. Most of the patients, and the logistics to collect the data, have been reported. 1, [17] [18] [19] Standard intensive induction therapy was based on cytosine arabinoside and anthracyclines, followed by repeated intensive consolidation, as previously reported, 1, [17] [18] [19] [20] and about one-third of all patients up to the age of 55 years underwent alloSCT. 18 From the start of the registry and up to 2007, registered cytogenetic data were restricted to whether chromosome banding analysis had been performed or not. To perform the clinicogenetic association studies reported herein, we retrospectively collected and reviewed all karyotypic strings in all patients diagnosed with AML during [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] . In this report, we have excluded acute promyelocytic leukemia. Mutation analyses of AML-associated genes, such as CEBPA, FLT3 and NPM1, were not routinely performed during the study period, and such data are hence not included.
To obtain cytogenetic data, lists of AML patients were created by the Regional Tumor Registries and sent to regional hematologists who, after contact with one of the six departments in Sweden performing cytogenetic analysis, retrieved karyotypic strings from their respective databases. The cytogenetic information was subsequently transferred to the Regional Tumor Registry in Lund. Three of the authors (VL, GJ and BJ) independently checked that the karyotypic strings were written in accordance with the ISCN 21 and then classified them into 10 different, non-hierarchical abnormality/karyotypic pattern subgroups:
(1) inv(3)(q21q26)/t(3;3)(q21;q26), (2) À 5/del(5q), (3) À 7/del(7q), (4) t(6;9)(p22;q34), (5) t(8;21)(q22;q22), (6) t(9;11)(p21;q23), (7) other 11q23/ MLL rearrangements, (8) inv(16)(p13q22)/t(16;16)(p13;q22), (9) À 17/del(17p) and (10) MK, defined as two or more autosomal monosomies or a single autosomal monosomy in the presence of structural abnormalities (excluding markers and ring chromosomes). 15 In addition, the number of clonal chromosome changes (1, 2, 3, 4 and 5 or more) per case was registered. As the grouping was non-hierarchical, a case could be included in more than one subgroup; for example, a case with the karyotype 45,XY,inv(3)(q21q26), À 7 would be classified both as 'inv(3)/t(3;3)' and as ' À 7/del(7q)'. The patients were subsequently assigned into risk categories using established 13 criteria. We also looked further into aberrations in frequently involved chromosomes, and rare but recurrent structural abnormalities.
Clinical data were collected and updated as previously described, and survival was updated through the Swedish Population Registry in May 2012. The median follow-up of surviving patients is 9.6 years, with a minimum of more than 5 years. Analyses on complete remission (CR) rate, early death (ED) rate and overall survival (OS) from date of diagnosis were performed only on patients below the age of 80 years who received intensive treatment.
The incidence by age for AML cases with genetic abnormalities listed above was calculated using the Swedish population in 2001 from Statistics Sweden (www.scb.se). When calculating abnormality-specific incidences, AML patients with uninformative karyotypes, that is, not performed or karyotypic failures, were also included with the assumption that the karyotypic patterns of these cases would be similar to those that were cytogenetically informative in the same age group. Kaplan-Meier estimates were used for survival curves, and P-values were computed from a Cox proportional hazards model. To accomodate for the impact of age on survival, age was used as a continuous covariate in the model unless otherwise stated. The presented age cohorts were chosen according to the number of observations to facilitate notions of similarities and differences. Data were analyzed by the R-program software (http://www.rproject.org). The Cox proportional hazards regression was used to investigate risk factors for mortality following diagnosis. Multivariable analyses thus included factors for age, sex, PS according to ECOG 22 /WHO and genetic risk groups.
The survival curves presented graphically are based on OS, which, because of the poor survival of older AML patients, is very similar to relative survival, that is, OS in relation to an age-and sex-matched population without AML. However, relative survival was also evaluated in the regression models.
RESULTS

Basic karyotypic features
A total of 3251 patients diagnosed with AML (excluding acute promyelocytic leukemia) were analyzed. Of these, informative karyotypes, that is, normal or abnormal, were available in 1893 (58%), mostly from patients eligible for intensive treatment (Table 1 ). Karyotypes could be uninformative owing to insufficient sampling, no metaphases, technical failure, missing report and no attempt for analysis. An informative karyotype was found in 80% of patients o60 years, 72% in those between 60 and 69 years, 58% in patients between 70 and 79 years and in 25% of patients who were 80 years or older.
As expected, patients with informative karyotypes and with intensive treatment were younger than those with uninformative karyotypes and palliative treatment ( Table 1 ). The proportions of karyotypic subgroups differed by age for most subgroups. CBF leukemias (t(8;21) or inv(16)/t(16;16)), 11q23/MLL rearrangements, inv(3)/t(3;3) and t(6;9) were more common in younger patients, whereas the proportions of À 5/del(5q), À 7/del(7q), À 17/ del(17p), complex karyotypes and MK generally increased by age, albeit with somewhat different patterns. In contrast, a normal karyotype was found in 43% of the patients with informative karyotypes, with no clear-cut age difference.
Most karyotypes with abnormalities resulting in the loss of 5q, 7q or 17p were also complex (X3 or X5 abnormalities) and MK. Among intensively treated AML patients below the age of 80 years with 5q loss, 90% had X3 abnormalities, 77% had X5 abnormalities and 81% were MK. The corresponding frequencies in cases with 7q and 17p losses were 67%, 51% and 62%, and 95%, 85% and 91%, respectively. Similarly, among these 219 cases with MK, 171 (78%) also displayed loss of 5q, 7q and/or 17p.
ED rates ED was defined as death within 30 days from diagnosis. The ED rates in older patients were strongly impacted by PS. 1 Patients aged 60-79 years with good PS (that is, ECOG/WHO 0-II) had ED rates between 5 and 13%, depending on karyotypic subgroup, whereas those with PS III/IV had ED rates of approximately 25% irrespective of karyotype (Table 2) .
CR rates For patients below the age of 60 years, the CR rates differed depending on the karyotypic subgroup, being approximately 90% in CBF leukemias and in cases with a normal karyotype but close to 50% in those with high-risk karyotypes ( Table 2 ). The CR rates in older patients with a normal karyotype decreased from 77% in those aged 60-69 years to 62% in those aged 70-79 years. The corresponding CR rates for cases with high-risk cytogenetics by age were 50% and 25%, respectively. OS Risk classification according to MRC criteria 13 clearly separated short-term and long-term survival in both younger and older patients (Figure 1a-b) . One-third, that is, five of the older patients with low-risk karyotypes, had a long-term survival plateau, whereas the long-term survival was approximately 10% in those with intermediate-risk karyotypes.
The number of clonal abnormalities separated survival curves in all age groups (Figures 2a-c) . The greatest difference was observed between those with 3-4 and X5 or more abnormalities. Including data on MK did not add to the separation of high and very high-risk cytogenetics in any of the age groups (Figure 3a-c) . However, abnormalities resulting in the loss of 5q, 7q and/or 17p had strong prognostic impact. If only one of these losses was found, the outcome was better than that for AML cases with two or all three losses (Figure 4a ). In patients with abnormal karyotype, excluding CBF leukemias, those with MK including 5q, 7q and/or 17p losses had the worst outcome, whereas MK without 5q, 7q or 17p loss had the same impact as non-MK (Figure 4b) . Similarly, patients with high-risk cytogenetics without 5q, 7q and/or 17p loss had the same survival as intermediate-risk patients (data not shown).
Other abnormalities Trisomy 8 was found in 81 patients, mostly as a single abnormality (n ¼ 60), and in only 10 patients as part of complex karyotypes.
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The median age of those patients was 68 years, and the median survival was 298 days. del(13q)/monosomy 13 was found in 71 patients, in all but four as part of complex abnormalities and MK. The median age was 69 years and the median survival was 98 days.
del(3p)/monosomy 3 was found in 62 patients, in all but four as part of complex abnormalities and MK. The median age was 67 years and the median survival was 121 days.
12p abnormalities were found in 48 patients, mostly within complex (n ¼ 38) and MKs. Non-complex 12p aberrations always involved 12p12 or p13, in two of them with concurrent del(5q). The median age was 60 years, and the median survival was 150 days.
Translocations involving either 3q21 or 3q26 were found in 10 patients, in all but one within non-complex abnormalities. These were t(1;3)(p36;q21) (n ¼ 3), t(3;5)(q21;q31) (n ¼ 2), t(3;12)(q26;p13) (n ¼ 2) and t(3;21)(q26;q22) (n ¼ 3). The median age of these patients was 49 years, and the median survival was 252 days; four of them had alloSCT. der(1;7)(q10;p10) was found in three patients, in two of them as a single abnormality. Their ages ranged between 24 and 76 years. One of them survived following alloSCT.
Multivariable analysis
Multiple Cox regression analyses of predictive factors for survival in patients below the age of 80 years with clonal abnormalities and eligible for intensive treatment revealed that age and PS had the most significant impact (both Po0.001) ( Table 3 ). The close correlation between older age and other negative risk factors, such as the number of clonal changes and high-risk abnormalities, should be considered. There was an additional impact of sex (P ¼ 0.0135) and karyotype including À 7/del(7q) (P ¼ 0.048). If age and PS were excluded in the analysis, À 7/del(7q) had the strongest impact on OS (P ¼ 0.014), followed by sex (P ¼ 0.035) and number of abnormalities (P ¼ 0.054) ( Table 3) . In a further analysis evaluating risk factors (excluding PS) for relative survival, age retained its significance (Po0.001), as did À 7/del(7q) Cytogenetics and survival in AML V Lazarevic et al (P ¼ 0.033), and the hazard ratio for female sex was 0.83 (P ¼ 0.076). In none of the multivariable analyses did MK impact significantly on survival.
DISCUSSION
Age and karyotype are among the most powerful prognostic factors in AML, and they guide treatment strategy. This notwithstanding, most cytogenetic data on AML have been obtained from studies of young patients. Furthermore, cytogenetic results from older patients have mostly been compiled from clinical studies that recruit highly selected patients. 20 In contrast, the present study is based on the Swedish national population-based AML registry 1, [17] [18] with karyotypic data retrieved from cytogenetic analyses performed as part of clinical routine. We were able to collect almost 1900 informative karyotype reports, comprising more than two-thirds of all individual patients aged 60-69 years and more than half of all patients in the age group of 70-79 years. In the end, informative karyotypes were available not only from most of the older patients who received intensive treatment but also from from 476 patients who had palliation only (Table 1) . For incidence of genetic abnormalities, our report emerges from the largest population-based study, [23] [24] [25] [26] [27] [28] and for clinical impact again the largest population-based study, 27, 28 and the study with the largest number of cytogenetically characterized and intensively treated AML patients over 70 years. [29] [30] [31] [32] It should, however, be emphasized that genetic data from our study group are still selected owing to the fact that chromosome Cytogenetics and survival in AML V Lazarevic et al analysis in Sweden, like elsewhere, is primarily recommended for patients who might become eligible for intensive therapy. In the United States, 52% of de novo AML patients in ages 65-79 years received 'infused chemotherapy including hypomethylating agents' during the period 2000-2007, according to a compilation of SEER and Medicare data. 33 As a comparison, 62% of Swedish patients of this age received intensive treatment with the aim to induce CR. 1 
Overall survival (%)
Years from diagnosis Years from diagnosis Comparing the frequencies of specific chromosome abnormalities revealed that younger AML patients were more likely to harbor the favorable abnormalities t(8;21) and inv (16) , and also some intermediate and poor-risk markers, such as 11q23 rearrangements and inv(3). It is, in this context, noteworthy that the incidence of CBF leukemia, 1.9 per million inhabitants per year, only showed a minor, nonsignificant increase by age (P ¼ 0.16). In contrast, the incidence of AML with À 5/del(5q) is 0.3/million/year in the age group o40 years, increasing 60-fold to 18/million/year in the age group 470 years (Po0.0001; Table 1 ). Similar data were achieved from the population-based study from northern UK. 25 This most likely illustrates different pathophysiologic mechanisms involved in leukemogenesis in different AML groups.
Cytogenetic risk classifications are often ascertained from pooled data from large randomized studies, and are based on the treatment outcome from patients below the age of 60. 2, 11, 13, 14, 34 Whether these classifications are equally useful in patients older than 60 years has been unclear, although there are several reports from selected patients who are included into clinical trials, mainly between 60 and 69 years, that demonstrate prognostic impact from cytogenetic data. 27, [29] [30] [31] [32] In the present population-based study, a similar impact on outcome of riskstratifying genetic findings in younger and older patients was observed; however, older patients had poorer outcome in all risk groups, and there were very few older patients in the low-risk group, when acute promyelocytic leukemia is excluded. 20 Highrisk cytogenetics was clearly more common in older patients (Table 1) . Established risk classifications define high-risk cytogenetics as, for example, the presence of À 5/del(5q), À 7/del(7q), complex karyotypes with X3 or X5 abnormalities and MK. Monosomy 17 or deletion of 17p has also been suggested as a high-risk feature. We found a strong overlap between these abnormalities, especially as regards changes of chromosomes 5, 7 and 17. This not only indicates that they identify the same subgroup of patients characterized by poor prognosis, but also that they cooperate in the leukemogenic process and/or have similar mechanisms behind their occurrence. Furthermore, the prognostic impact of a complex karyotype or MK was clearly influenced by the presence of 5q, 7q and 17p losses. However, MK did not affect the impact of a complex karyotype. Thus, adding MK into the risk stratification of Swedish AML patients did not improve survival prediction. We hence conclude that the negative impact of MK seems to be mostly carried out by abnormalities of chromosomes 5, 7 and 17. This is in contrast to other studies 35 but in line with data from the Spanish and German MDS/AML Registry. [36] [37] The multivariable analyses identified 7q abnormalities as the most significant of the cytogenetic abnormalities, with impact on survival beyond that of age and PS. Deletion of 7q might display a stronger impact than other genetic markers, as it was slightly more evenly distributed in different age groups than other riskclassifying abnormalities (Table 1) .
Although the present study is based on a large, unselected and representative AML cohort, a single study has limited power and cannot define the hierarchy of cytogenetic changes, nor can it define the abnormalities that have the greatest clinical utility. In addition, we cannot, as of yet, provide recommendations on the consequences of various therapies, such as alloSCT, based on these findings. 38 Such recommendations have to be evaluated in prospective collaborative studies. However, we believe that our large study on the proportions, incidences and clinical impact of specific AML abnormalities/karyotypic patterns in different age groups, with long-term clinical follow-up and focus on the predominant patient group, provides information useful for further studies aimed to improve outcome for the overall AML population that still continues to have a poor outcome.
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